Fiber-optic-coupled, laser heated thermoluminescence dosimeter
for remote radiation sensing
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We describe an optically transparent, laser heated, thermoluminescent glass dosimeter that is used
for fiber-optic-coupled remote radiation monitoring. The glass consists of ZnS nanocrystallites
embedded in a Vycor glass host, doped with Cand N&* ions. An 807 nm1 W GaAlAs laser

is used to rapidly heat microscopic regions, surrounding th&"Nons, in the composite glass to
stimulate blue-green thermoluminescence from metastable traps populated by exposure to
ultraviolet or®Co v radiation.[S0003-695(96)03424-9

Measurements of radiation levels in hazardous areasesponse of over six orders of magnitude, an energy response
such as nuclear waste sites or in difficult-to-access areas suttat extends from the ultraviolék <300 nn) to y-ray ener-
as sampling wells foin situ ground water monitoring, re- gies, and a sensitivity similar to commercial TLD 100The
quire the development of sensitive remote radiation measurefow curve of the TL glass is particularly simple, consisting
ment techniques. Fiber-optic-based methods should be panf two broad peaks located at 160 and 220 °C. We have also
ticularly amenable to these applications for several reasonseported a modified TL glass composition that incorporated
including: small size, mechanical flexibility, and optical sig- Nd®* ions to absorb light from a semiconductor laser and
nal transmission(as opposed to electrigalSeveral fiber- utilized the absorbed light energy to internally heat the glass.
optic-based radiation sensing systems have been describbdernal laser heating of the glass eliminated thermal diffu-
that utilize radiation induced changes in the optical characsion problems associated with external absorbers and the op-
teristics of the fiber such as reduced transmission as a resuital transparency overcame the scattering limitations of tra-
of darkening of the glass,optical phase shifts due to ditional TL phosphors. As a result, the radiation sensitivity
heating® or changes in the birefringence of a polarization-of the TL glass dosimeter can be enhanced simply by in-
maintaining fibe? Another approach utilizes a traditional creasing the length or the diameter of the fiber.
thermoluminescencélL) radiation dosimeter phosphor, at- The laser heated TL glass used in this work is a com-
tached to the end of a multimode fiber-optic cable. The phosposite material that contains nanocrystalline ZnS particles
phor is heated by thermal diffusion from an adjacent laseand Cd* ions in a SiQ (Vycor) matrix, identical to that
heated absorbérEach of these fiber-optic-based techniquespreviously reported. Approximately 0.1%, by weight, of
suffer from serious shortcomings that limit their practical Nd®* ion was added to the glass to accomplish internal laser
application. The measurement of radiation induced darkerkeating. The N&" ion is well suited for this application for
ing is a straightforward approach but is limited in both sen-several reasong1) it absorbs strongly at 807 niiGaAlAs
sitivity and dynamic range. In addition, photodarkening islaser wavelength (2) it deposits a significant amount of the
usually the result of photochemical damage and the processghsorbed light energy as heat in the glass matrix to stimulate
is not generally reversible. Phase shift measurements requireL; and (3) the absorption bands of the Rid ion do not
the use of an interferometer with phase sensitive detectiosignificantly overlap the thermoluminescence emission band
and feedback control, long fiber lengths, and complex signaind therefore do not substantially attenuate the signal. Glass
processing techniques to achieve good sensitivity. The fibelrods, 6 mm in diameter, were hand-drawn irt®00 um
optic, laser-heated TL approach requires the use of a vergliam fibers using a hydrogen torch. Af3 cm length of the
thin layer of phosphor material because of problems associFL fiber was joined to a commercial, 2Q@m core diameter,
ated with light scattering and inefficient heating by thermalmultimode optical fiber using a fusion splicer.
diffusion. This limitation on the thickness of the dosimeter A schematic of the fiber-optic-coupled, laser-heated
material ultimately limits the sensitivity of the method. thermoluminescence dosimeter is shown in Fig. 1. The 807

In this letter, we describe a remote, fiber-optic-couplednm output é a 1 W diode laser array, with a 20@8m emit-
laser heated TL glass radiation dosimeter that has advantaggsg aperture, was collimated using a microscope objective.
over previously reported fiber-based dosimeters. We recentiyhe laser output was filtered with a Schott RG780 color
reported the development of an optically transparent therglass filter to remove short wavelength light due to sponta-
moluminescent glass material containing ZnS nanocrystalgeous emission. The laser light was directed through a dich-
and Cd" ions. This material exhibited outstanding dosime-roic mirror, selected to pass 807 nm light and reflect blue-
try characteristics, including a low fade rate, a linear dosgyreen TL signal light, and imaged onto the input face of a
200 um core diameter, 50 m long multimode optical fiber

aElectronic mail: alan.huston@nrl.navy.mil using a second microscope objective. The laser light was
YCurrent address: 11004 Tyrone Dr., Upper Marlboro, MD 2072. used to stimulate thermoluminescence from the ZnS:Cu,Nd
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FIG. 1. Schematic diagram of the laser-heated fiber-optic-coupled thermo-
luminescence dosimeter. DL: diode laser; DM: dichroic mirror; MO: micro-
scope objective; MMF: 20@um core diam multimode optical fiber; TLD:
thermoluminescent glass dosimeter fiber; F1, Schott RG780 color glass fil-

ter, F2: HOYA CM500 color glass filter; PMT: cooled photomultiplier tube. FIG. 2. Laser stimulated thermoluminescence signal obtained from the
ZnS:Cu,Nd glass TLD fiber exposed to 4.56 &¢o y-ray dose and read

out using 250 mW cw power at 807 nm.
glass fiber sensor that had been previously exposed to ioniz-

ing radiation. A fraction of the 500 nm, laser stimulated TL _ .
he rise of the diode laser power and does not at all resemble

emission was trapped by total internal reflection and wa ditional df h | .  thi . b
directed back through the multimode fiber, collimated by the? traditional glow curve. The explanation of this unique be-

microscope objective and reflected by the dichroic mirrorh"’“’i‘_)r lies in the microscopic neture OT the Iecalized laser
into a photomultiplier tubgPMT). A HOYA CM500 color heatmg and has bee.n d_escrlbed n detaﬂ prewo@BIyefIy,
glass filter was used to selectively block scattered diode |as<!b?”°V_V'”9 optlcel eXC|tat|on, the NH lons relax via a com-
light while passing the TL signal. The PMT was cooled and ination of radlajtlve end nonradiative path_way_s. It is ex
the signal was detected using photon counting and digitizeor?eCteOI tha_\t Ng" ions iha Vycor gless matrix will expert-
The fiber-coupled sensor was placed abov&%@o y-ray ence eff|C|ent n_onradlanve relaxat|(_)n_due to the high OH
source providing an exposure rate of 5 R/min. The dose reconcentrations in the glassNonradiative rel_axatlon pro-
ceived was controlled by irradiating the sensor for a specifi(f:ess_es tr:anfsfer er;elrgy ]EO the glass _ts)urreunclhng tdhe abfsc;]rbmg
time interval. The absorbed dose was measured by switching"™ N t e form of fow frequency Vi rat|or_1a modes of the
the diode laser on to a preset cw power of 250 MW for & iO, matrix, resulting in very rapid, localized temperature
period of 10-20 s. The traps released by laser heating werAcreases of several hundreds_ of degrees. For filled traps Ie—
annealed, thereby resetting the sensor for repeat use. A kétgted very.cloee tq the absorbing centere, the thermal barrier
feature of the remote dosimeter is the ability to anneal th(%’I re(é%;nblnatlog_ IIIS overcc:cme aLmOI% _mstan';]aner:)usly.l As
glass optically, so that repeated,situ measurements can be eat di _us(e;_s rebla gaway rom t he | 1ons, ': et ermda h
performed. The remote sensor described in this work ha§Ner9y 1S |sdtr| uteﬁove_:jla r_prt:c arger Vo lfm.e’ an Eje
demonstrated the ability to accumulate absorbed dose ovdgmperature drops off rapidly. The trap epopu ation rate de-
long periods of time and yield an accurate measure of thgends on the temperature of the glass relative to Fhe depth of
total absorbed dose upon laser readout. For many practic e trap. For tr_aps located further from the absorbmg centers,
applications, however, such as patient dose verification dute depopulatlon rate decreases. The_ laser reading process
ing medical radiotherapy, real-timé situ readout of the used in the present experiments eff|C|en_tIy depopulates the
absorbed dose under conditions of continuous irradiation ig@PS @S evidenced by the fact that the signal completely re-

desirable. The data presented in this work were obtained ufirns to the baseline within 10-15 seconds for all exposures

der conditions of continuous irradiation, therefore, the Iaser-StUd'ed'

off state corresponds with dose accumulation, while the
laser-on state corresponds with dose readout and sensor an-

nealing. ST T T T T T T T T e
A laser heated TL signal obtained from a fiber dosimeter .

previously exposed to ¥Co y-ray dose of 4.56 Gy is pre- 0.6 [ .

sented in Fig. 2. In the figure the arrow indicates the time £

that the laser was switched on. This corresponded with an = .

immediate(<0.01 3 increase in the signal level, followed by £ 7 1

a decay of several seconds. This behavior is in marked con- 8

trast to previous studies of laser heated dosinfétrywvhich 02 - . i

the recorded signal is similar in structure to the glow curves .

observed using traditional, linear temperature ramp, contact 'o'

heating methods. Prior laser heating methods involve raising 0 . 1 2 3 ; 5 .

the bulk temperature of the dosimeter at heating rates of over
1000 °C/s. The laser heating observed in the present work is
a_Iso quite rapid, however, measurement O_f the rise of theg, 3. %co yray dose response of the laser-heated ZnS:Cu,Nd glass re-
signal using a fast oscilloscope reveals that it follows exactlymote dosimeter. The integrated signal is plotted vs dose.

Dose (Gy)
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optics, and detection electronics were different. As such,

12 7 T T T T T T T T

. quantitative comparisons between the two sets of data are not
10 | . possiblel A variety of manufacturing processes utilize UV
sources, such as the curing of polymer coatings on paper
8T 1 products and deep UV photolithographic production of inte-
. grated circuits. The fiber-optic-coupled, remote radiation

sensor that we have described offers an inexpensive ap-
proach for monitoring radiation levels and provides a feed-
back method for manufacturing quality control.
2 - 1 In summary, we have developed an all optical, fiber-
e . . ‘ . , optic-coupled rad'iaFion dosimeter tha; h.as excel!ent perfpr-
" mance characteristics for remote radiation sensing applica-
tions. The enabling feature of the dosimeter is an optically
transparent, semiconductor-doped TL glass that exhibits ef-
FIG. 4. UV dose response of the laser-heated ZnS:Cu,Nd glass remote dficient localized laser heating. The sensor utilizes relatively
simeter. The integrated signal is plotted vs dose. low cost components such as a diode laser array with non-
critical frequency stability, a commercial multimode optical

The®Co y-ray dose dependence of the fiber dosimeter idiber, simple optical elements, and direct photodetection.
shown in Fig. 3. The plot displays the integrated signalDose information is correlated with either the signal ampli-
counts as a function of the dose, although plots of the peakide or the total integrated count, and minimal signal pro-
signal values yield identical dose response curves. The dog&ssing is required. Optical annealing of the dosimeter pre-
dependence is linear for the dose range studied, which irPares the sensor for repeat use. The monitoring of radiation
cludes the dose range of interest for medical diagnostic anigVvels in ground water supplies around nuclear waste sites
radiotherapy applications. The optical transparency of theould utilize sensor arrays consisting of hundreds of fiber-
glass permits increasing the sensitivity and dynamic range dfoupled dosimeters, all interrogated from a central control
the dosimeter simply by increasing the diameter of the fibefenter, using a single diode laser and photodetector. The
sensor. Medical fiber catheterization techniques can utilizéber-optic dosimeter should also be useful as a process con-
fiber diameters of 1 mm or moré 3 cmlong, 1 mm diam trol sensor for industrial applications that utilize radiation
fiber, using the ZnS:Cu,Nd TL glass is expected to-H25  sources(ultraviolet to y ray) such as photolithography and
times more sensitive than the 2@n diam fiber used in this radiation curing of polymers. The small size and the high
study. sensitivity of this fiber-optic radiation dosimeter should be

In addition to they-ray remote sensing described above,ideal for medical applications such as near-real timejvo,
we have also measured the sensitivity of the fiber-opticdose monitoring in patients undergoing radiation therapy.
coupled remote sensor to ultraviol@étV) radiation. The ul-
traviolet sensitivity of a related TL glass has been previously
measured and found to be quite good for wavelengths lessB. D. Evans, G. W. Sigel, J. B. Langworthy, and B. J. Faraday, IEEE
than 300 nnf A low pressure mercury arc lamVP Inc.,  ,Trans. Nucl. SCINS-25 1619(1978. .

Pen-Ray was used to determine the UV dose response. The F. Barone, U. Bernini, M. Conti, A. Del Guerra, L. Di Flore, M. Gambac-
cini, R. Liuzzi, L. Milano, G. Russo, P. Russo, and M. Salvato, Appl. Opt.

distribution of energy among the wavelengths, as specified 32, 1229(1993.

by the manufacturer, was 90% at 253.7 nm, 4% at 185 nm,jg- lgi ljigr:z,sAJ- (Zrag\?v’e i?dPP-B t%:usnsl%hPrJocMS}?ﬁg;%a(nlﬁ@iz Hecland

and 6% in the remaining lines. A laser-heated TL glass fiber Radiat, Prot, Dosima7, 5'25&993. R ' - = heglana,

sensor was placed 7.5 cm from the lamp and exposed to aP_ | Justus, T. L. Johnson, and A. L. Huston, Nucl. Instrum. Methods B

irradiance of 704uW/cn? for times ranging from 1 to 1600 95, 533(1995.

s. A plot of the UV dose response is shown in Fig. 4. TheeBl-glé- Justus, T. L. Johnson, and A. L. Huston, Appl. Phys. Leg.1

dose response is linear for exposure times of Ie.ss than_120 . Egéndorff—Heidepriem, W. Seeber, and D. Ehrt, J. Non-Cryst. Solids

or 80 mJ/cmi. (The UV andy-ray data were obtained using 1g3 191(1995.

similar fiber sensor materials, but the diode laser, collection®B. L. Justus and A. L. Huston, Appl. Phys. Le#Z, 1179(1995.
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